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Primary cilia extend like antennae from the surface of
most eukaryotic cells into the environment, where
they function in a variety of sensory roles. Recent
studies reveal an intimate interplay between struc-
tural proteins of the centrosome and the formation of
primary cilia, and provide new insight into the
complex function of these fascinating organelles.
Primary cilia were long considered ‘rudimentary’ or
‘abortive’ cilia because they do not show the typical
wave motion and they lack several structural features
characteristic of motile cilia and flagella [1]. Unlike
motile cilia, which are distinguished by the 9+2 pattern
of axonemal microtubule organization, primary cilia
have a 9+0 axonemal structure — they lack the central
pair of microtubules and the dynein arms normally
associated with the axonemal outer doublets.
Notwithstanding these distinctions, motile cilia and
primary cilia are clearly derivative organelles and
share many common properties.
Highly specialized sensory cilia hint to the broader
function of primary cilia. Familiar examples of
sensory cilia include the outer segment of photosen-
sitive retinal rod and cone cells, chemo-sensory
olfactory epithelia cilia, and the mechano-sensory
cilia of the inner ear and certain invertebrate den-
drites that are specialized for sensing bend or
tension. Mounting evidence suggests that primary
cilia play similar sensory roles — also including
osmo-sensory function — in diverse cell types
throughout the body. Indeed, far from rudimentary, it
is becoming clear that primary cilia play a critical role
in membrane signal transduction pathways that
control important aspects of cellular physiology, and
these functions represent a fundamental and ancient
property of cilia in general [2–4].
Proteins that play a key role in the assembly,
structure and function of primary cilia have been iden-
tified and characterized through novel gene discovery,
comparative genomics and analysis of conditional
genetic mutations in Chlamydomonas reinhardtii,
Drosophila melanogaster and other model organisms
[3–6]. These studies have revealed an unanticipated
link between key proteins of primary cilia and the
development of several severe human disease
conditions, including polycystic kidney disease,
Bardet-Biedl syndrome, retinal degeneration and
developmental defects in early embryos [2,4,7]. 
Polycystic kidney disease (PCD), in which failure of
proper osmo-regulation in collecting ducts causes
cyst formation and subsequent kidney failure, has
proven to be particularly valuable in the analysis of
proteins important for primary cilia function. Mutations
in the primary cilium membrane proteins PC1 and PC2
result in polycystic kidney disease in humans and
mice [5,8]. PC1 activates a G-protein signaling
pathway, and PC2 forms a calcium-selective channel.
In their normal function, mechanical forces that
displace the primary cilium during fluid flow in kidney
tubules trigger membrane signaling through PC1 and
PC2 [9]. Similarly, the Chlamydomonas protein, IFT88,
is required for flagellar growth and mutations in its
murine homolog Tg737 result in short primary cilia in
kidney collecting ducts and the development of PCD
[5]. These advances in understanding primary cilia
function have provided direct mechanistic insight into
important human disease processes and have gener-
ated great excitement in this field. 
During growth of cilia, precursor proteins are
transported from the cell body, where they are
synthesized, to the most distal compartment of the
cilium where they are assembled into the elongating
axoneme [6]. Transport to the cilium tip is mediated by
intraflagellar transport (IFT) particles which serve as a
platform for binding and concentrating axonemal
precursors and motor proteins. The IFT particle is a
complex assembly of about 20 different proteins,
many of which show a high degree of homology
among divergent organisms. Prior to transport,
precursor proteins are loaded onto the IFT particle
while it is docked near the base of the cilium shaft
[10]. Bidirectional movement of the IFT particle occurs
in the shallow space between the outer doublet micro-
tubules of the axoneme, and the membrane of cilium
and can be observed directly by differential interfer-
ence contrast microscopy [11]. Tip-ward (anterograde)
IFT movement is powered by kinesin II motor proteins,
and following axonemal precursor discharge at the
distal end of the cilium, the ‘empty’ IFT particle is
returned to the ciliary base (retrograde movement) by
cytoplasmic dynein [6].
Recent studies [12,13] have provided evidence that
the centrosome plays a crucial role in IFT function and
the biogenesis of primary cilia, and that aspects of
centrosome structure are reciprocally dependent on
interaction with IFT components. Centrosomes, the
major microtubule-organizing centers of interphase
and mitotic cells, are structurally complex organelles.
They contain a pair of centrioles, which together serve
as the core centrosomal organizer, while the older
centriole of the pair is the operational basal body for
the emergent primary cilium. A protein lattice or matrix
called pericentriolar material (PCM) surrounds the
centrioles — mainly concentrated around the older
centriole — and serves as a structural framework to
anchor microtubule nucleation sites, as well as other
essential centrosome proteins including key regula-
tors of centrosome function.
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Pericentrin — also known as kendrin — plays an
important role in the organization and structure of the
PCM [14]. Pericentrin is characterized by predominant
series of coiled-coil domains throughout most of its
structure and a PCM targeting motif called the PACT
domain near its carboxyl terminus [15]. The coiled-coil
protein motif is an evolutionarily conserved structure
tailored to mediate protein–protein interactions. The
multiple coiled-coil domains of pericentrin mediate
interactions between resident structural lattice
proteins of PCM and a number of important
functional, regulatory and transient centrosome
proteins, including protein kinase A, cytoplasmic
dynein and the γ-tubulin complex [16–18]. The PACT
domain is a highly conserved ~90 amino acid
sequence which targets pericentrin and other PCM
proteins, such as the protein kinase A anchoring
protein AKAP450, to the centrosome [15]. The PACT
domain alone is sufficient to target GFP–PACT
recombinant fusion protein to PCM, and in
mammalian cells, overexpression of the PACT domain
competes for available PACT binding sites and
displaces key centrosome proteins including
AKAP450 leading to defects in cytokinesis, cell cycle
progression and centriole duplication [19].
The pericentrin homolog D-PLP is the only PACT
domain protein recognized in the Drosophila genome
database [15]. Recent studies by Martinez-Campos et
al. [12] have shown that Drosophila d-plp gene
encodes at least two related pericentrin-like-proteins
which localize to the centrioles and surrounding PCM.
Several new alleles of mutant d-plp were generated:
while viable, homozygous d-plp mutant flies showed a
striking and severe ‘uncoordinated’ behavioral pheno-
type, and shortly after emergence from the pupa case
they become trapped in their food and die. The brains
of these flies showed reduced or undetectable levels
of D-PLP by western analysis, and no D-PLP was
detected at the centrioles by immunofluorescence;
furthermore, their centrosomes stained weakly for γ-
tubulin and several other PCM proteins. These results
suggest that, in the fly, D-PLP is required for efficient
recruitment of γ-tubulin to the centrosomes. Despite
this, cells of d-plp mutants are able to overcome their
centrosome deficiency, as mitosis proceeds with only
a modest increase in the number of cells showing
disorganized mitotic spindles.
The uncoordinated behavior of d-plp mutant flies
led Martinez-Campos et al. [12] to assess mechano-
sensory neuron function, as coordination requires
feedback from proprioceptive stimuli to assess
appendage position and tension. In the fly, Johnston’s
organ is a large and easily assessable auditory organ
of the second antennal segment, where sound-
induced vibrations displace primary cilia that extend
from the tips of sensory dendrites and trigger sound-
evoked potentials from the neurons. Heterozygous
flies showed a normal evoked potential response to
auditory stimulation, while 16 of 26 homozygous d-plp
mutants showed no sound-induced response, and in
the remaining responding flies the amplitude of the
response was greatly reduced. 
Further examination of the mechano-sensory
neurons using a neuron-specific membrane marker
showed that their ciliary outer segments were robust
and clearly visible in heterozygous animals, while in
the homozygotes sensory cilia were either absent or
severely shortened and kinked. Given the uncoordi-
nated behavior phenotype, it is likely that cilia of
sensory neurons, including those innervating tactile
and proprioceptive bristles, are similarly affected.
Mutant flies also showed impaired spermatogenesis
resulting in non-motile sperm. Taken together, these
results led Martinez-Campos et al. [12] to conclude
that, in addition to the efficient recruitment of γ-tubulin
and other PCM components to centrosomes, D-PLP
plays an important role in the biogenesis of both
motile flagella and sensory cilia in the fly. 
Jurczyk et al. [13] further investigated the roles of
pericentrin in primary cilia growth and in mammalian
cells. Using high-resolution immunofluorescence, they
first demonstrated that pericentrin localizes to the
base of primary and motile cilia, showing a partial
overlap with centriolin, a marker for the older centriole
of the centriole pair. As expected, several IFT proteins
and the primary cilium calcium channel protein PC2
also partially co-localized with pericentrin at the base
of primary cilia. 
Then, using RNA interference (RNAi) to silence
expression of centrosome and IFT components and
serum stimulation to induce primary cilia growth, they
assessed primary cilia status using antibodies against
polyglutamylated tubulin. Following treatment with
siRNA to silence pericentrin expression, most cells
(80%) failed to grow primary cilia, while control cells
treated with siRNA directed against the nuclear protein
lamin, or another centrosome protein, ninein, showed
normal full-length primary cilia. Centrosome localiza-
tion of γ-tubulin was not affected and centrosomes
appeared to nucleate microtubules normally, suggest-
ing that additional proteins, redundant for pericentrin
function, may operate in γ-tubulin recruitment in mam-
malian centrosomes. Importantly, however, silencing of
pericentrin expression reduced the staining of several
IFT components in the region of the centrioles. These
results suggest that, in mammalian cells, development
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Figure 1. Primary cilia extend like antennae into the
environment surrounding the cell. 
(A) Scanning electron micrograph of the surface of several
epithelial cells, each with a single emergent primary cilium sur-
rounded by short microvilli [20]. (B) Transmission electron
micrograph of the older centriole and emergent primary cilium
of an epithelial cell.
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of primary cilia requires interaction between the PCM
protein pericentrin and IFT particles, confirming the
earlier conclusions drawn from the Drosophila studies.
When IFT20 expression was silenced using siRNA,
primary cilia again failed to grow as expected;
however, this treatment also resulted in the surprising
finding that staining of pericentrin at the centrosome
was significantly reduced. This observation was unex-
pected because it suggests that pericentrin localiza-
tion in PCM is also dependent on IFT function. 
Jurczyk et al. [13] then asked whether IFT
components and pericentrin interact directly. Pericen-
trin and IFT marker proteins co-fractionated by gel
filtration chromatography and were also co-enriched in
preparations of partially purified centrosomes.
Likewise, endogenous pericentrin, several marker IFT
components and the calcium selective channel protein
PC2 co-immunoprecipitated and co-precipitated with
GST–IFT20 fusion protein. Collectively, these studies
demonstrate that pericentrin, PC2 and IFT proteins
exist together in the cytoplasm as a robust complex. 
Through their role in membrane signaling and their
importance in a wide range of human disease
processes, primary cilia have emerged from their once
'rudimentary' status to be firmly anchored at the very
center of cell activities. Delivery and docking of
primary cilia precursor proteins to the IFT particle
depends on the integrity of the centrosome, and sur-
prisingly, aspects of centrosome structure are recip-
rocally dependent on proper IFT function. Finally,
these observations lead to the intriguing possibility
that the IFT particle is a versatile vehicle for delivery of
proteins destined not only for incorporation into
primary cilia, but into centrosomes as well.
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